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SYNOPSIS 


Laser Induced Gas Breakdown in the Presence of 
Static Electric Field and Metal Surface 

Submitted in partial fulfilment of the requirements 

for the degree of 

DOCTOR PHILOSOPHY 
by 

VI NAY KUMAR 

to the 

DEPAETMENT OF PHYSICS 
INDIAN INSTITUTE OF TECHNOLOGY 

KANPUR 208 016 INDIA 

In this thesis we report the studies on Excimer laser 
induced breakdown of rare gases, in presence of static electric 
field and near metal surface. Some studies on laser produced 
metal plasma are also reported. An attempt is made to utilize 
the effect of metal plasma on laser induced breakdown of argon 
gas in various configurations of biased target, to explore the 
possibility of a plasma switch. | 

Laser induced gas breakdown studies were performed by 
focusing a low power excimer laser (XeCl 308 nm) radiation in a i 

t 

specially designed discharge cell. The discharge cell contains ; 
two parallel plate electrodes separated by a distance of 6.5 mm. 
Both ends of the electrodes were tapered to 2 mm width and ^ 
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•taken out- from -the glass cell 'through -the holes, ho apply the 
static voltage. This Transverse Static Electric Field (TSEF) was 
used to partially excite the gas atoms. A metal target was 
inserted later in the discharge cell to provide preionization/ 
initial electrons. Ionization current of the order of 10 * Amp 
measured in terms of voltage drop across a resistance connected 
in series with one of the electrodes was considered to be the 
breakdown current. The voltage pulse was displayed on the 
storage oscilloscope. Studies on breakdown of Neon, Argon and 
Xenon gases were performed. Metal plasma was produced by 
focusing the excimer laser radiation on to the copper target in 
the presence of background gas. A Microprocessor Controlled Scan 
System (MCSS) was developed for monochromator to scan the 
visible spectrum of radiation emitted from metal plasma. The 
output from the monochromator was detected with a 
photomultiplier tube (PMT). The PMT output signal was displayed 
on the storage oscilloscope and recorded on the chart recorder. 

Breakdown of Ne, Ar and Xe gases at various pressures, in 
the range of 0.2 - 24.0 torr, is studied by focusing a low 
power excimer laser in the presence of static electric field 
transverse to the laser focus. Results are similar to that 
observed with high power laser. Ionization is proposed to be a 
two step process, initial excitation being through collision of 
atoms with electrons due to TSEF followed by photo ionization in 
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the presence of laser. We report for the first time that k^, 
the number of photons actually involved to ionise the gas in the 
experiment, decreases with the increase of static electric 
field. 

Laser induced breakdown of Argon gas near metal surface is 
studied by using low power excimer laser in the presence of 
TSEF. We report for the first time that photoelectric emission 
from metal surface dominates over the thermionic emission and 
reduces the threshold laser energy required to breakdown Argon 
gas. Ionisation current is observed to be dependent on laser 
induced photo-electric emission from target surface. 

Spatial and temporal behavior of the emission spectrum of 

excimer laser produced copper plasma, in vacuum and in the 

presence of background gas, are studied. It is observed that 

spontaneous emission from Cu I lasing tretnsition 

4p - 4s* *D ^,„at 510.5 nm shows a strong dependence on 

pressure of neon gas. We report the possibility of getting: 

2 2 2 

copper vapor lasing transition 4p P 3/2 “ 510.5 nm: 

as a result of recombination in presence of neon gas. The plasma 
temperature was estimated, by assuming the plasma to be in Local; 

Thermodynamic Equilibrium (LTE) and by taking the ratio of; 

I 

intensity of two spectral lines. The temperature is estimated toj 

f' 

lie in the range 0.6 ev 5 T ^ 0.8 ev for Cu I in the presence of 

© 

argon gas at a pressure of 8 torr. The velocity of propagation 
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of the plasma emission front at 3 mm away from the target 
surface is found to be 4.8 x 10** cm/sec in argon gas at a 
pressure of 8 torr and 1.5 x 10** cm/sec in vacuum. It is also 
observed that intensity of many emitted spectral lines increases 
in the presence of background gas. The presence of surrounding 
gas can thus improves the accuracy of laser microspectral 
analysis. 

The effect of metal plasma, formed on the surface of a 
biased target, on laser induced breakdown of argon gas is 
studied in various configurations of biased target. It is 
observed that the effect of metal plasma in our studies is 
identical to the function of grid between anode and cathode in a 
triode. We report for the first time that ionization of argon 
gas can be switched ON or OFF either keeping laser focusing 
conditions fixed and by changing the polarity OR keeping the 
polarity fixed and by changing the laser irradiation. 



CHAPTER 1 


Introduction 

The interaction of light with matter has been the subject 
of many theoretical and experimental investigations for more 
than two decades. Since the first report [1,2] on gas breakdown 
at optical frequencies by means of a Q-switched laser, there 
have been many reports on optical breakdown of gaseous 
medium [3-5] as well as condensed matter [6,7]. The phenomenon 
is observable at very high field strengths (> 10** V/cm for 

atmospheric gases [4] ), the fields which can easily be obtained 
by focusing a high power laser beam. Laser field as strong as 
coulomb field applied to an atom rips the valence electron away 
from an atom and the gas breakdown is observed. Breakdown of 
gaseous medium is defined by a visual flash or spark, just as 
in ordinary gas discharge, whereas it is the appearance of a 
damage spot in solids and of a cavity in liquids. Laser induced ! 
gaseous and metal plasmas have several applications in various ! 
fields of research. Laser triggered spark gaps [8] have been 
developed and extensively used in high voltage switches. The i 
possibility of generating thermonuclear reactions was suggested 
by Nuckolls et al [9], since then a significant achievements 

i 

have been made in this field. Several sensitive techniques to 
measure UV radiation based on photoionization of excited atoms i 

I 

have been developed [10]. Laser induced rare gas plasmas are i 
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found as a source of VUV radiations [11]. Laser oscillations 
have been observed in laser produced recombining plasmas in 
IR [12,13] to XUV [14]. Extensive studies are being performed 
for exploring the possibility of short wavelength lasers [15] by 
irradiating carbon fibre target with laser beams of high 
intensity. Laser produced metal plasmas have been used as a 
source of high intensity X - rays [16], and for photo ionization 
lasers [17]. Recently plasma induced by low power lasers has 
been used for laser microspectral analysis [18,19]. 

Solids and gaseous medium exhibit different breakdown 
characteristics, I will discuss the laser induced breakdown of 
gases and solids separately. 

Laser induced gas breakdown 

There are two main mechanisms by which a gas (atom) can be 
ionized in the field of an intense electromagnetic wave: direct 
multiphoton ionization (MPI) and electron impact or cascade 
ionization. 

Multiphaton ionizcttton This process takes place with laser 
beam of intensity ^ 10**W/cm*, involves ionization of isolated 
atom or molecule, ionization of one atom does not affect that of 

*^3 

the other. In other words the gas pressure must be low, i 10 
torr. At such low pressures the mean free path of electrons 
created by multiphoton ionization is much larger than the 
dimension of the focal volume in which ionization occurs. 
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Also, the time interval separating two successive 
collisions (10 sec) is much greater than the duration of the 
laser pulse (10 sec). Thus, under such conditions no 
collision takes place among charged particles or neutrals and 
hence the ionization is free of secondary effects like cascade 
or avalanche ionization. The process is self sufficient in 
the sense, an atom or molecule of ionization energy absorbs k 
photons of energy hi> simultaneously subject to the condition 
khv > Ej^ and thereby becomes photoionized, where k = >> 

p 

Ej^ and E^ being the ionization energy of the atom and photon 
energy respectively, the angle bracket indicates next larger 
integer of the quantity. In general the ionization probability W 
of an atom absorbing simultaneously k photons is given by 

W = (1). 


where I is the intensity of laser beam and A^is a constant which 


depends on the particular gas under investigation. 


Several 


authors [20-25] have evaluated the ionization probability W 
using k'^'^ order time dependent perturbation theory. Following 
Bebb and Gold [21], the coefficient A^^ is given by 


At = 


m f 4n*e* 1 

^ l_~Tn5 — } 


I C k > 1 2 

I Kf,gl - 


( 2 ). 


where represents the k*^^ - order matrix element for the 

transition between initial bound state \e> and final |f> state 



4 


in the continuum, e and m are the charge and mass of the 
electron respectively and its wave number. The analysis takes 

account of the presence; of intermediate energy states. The main 
contribution due to intermediate states comes only if 
intermediate state energy and the energy of an integral number 
of quanta are very close. They concluded that although MPI may 
provide the initial electron, it does not account entirely for 
the breakdown phenomenon, except possibly at very low pressure. 
It was also shown that threshold flux for MPI varies with 
pressure as, p , a very weak pressure dependence on threshold 
flux, and hence the presence of any low ionization trace 
impurities in the gas will enhance [26] the probability of 
providing initiating electron. The main difficulty in the 
evaluation of and W lies in the choice of appropriate 
wavefunction. It has been shown [23,27,283 that the large laser 
field intensity can induce level broadening and the displacement 
of the intermediate states. They showed that multiphoton 
ionization rate is proportional to I multiplied by the sum of 
terms of the form - {k-l)hi^ 3* + ^ iri which 

E^ is the energy of a near-resonance intermediate level, E^ is 
the ground state energy and is the width of the intermediate 
level. 

Using a semi— classical approach, Keldysh [293 derived the 
generalized formula for the probability of ionization by a 
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strong electric field associated with strong radiation field. In 
the high frequency limit Keldysh formula for the liberation 
of electrons describes the multiphoton effect and in the 
limit of low frequency fields it reduces to tunnel effect. The 
evaluation of probability of a transition from a bound state to 
the virtual levels of the continuum spectrum (no quasi-resonant 
transition) gives results similar to quantum mechanical 
treatment [21], however, the frequency dependence is somewhat 
different. 

In the case of a perfectly monochromatic beam from a single 
mode laser there is no fluctuation in intensity, and the value 
of ionization probability W is given by eqn (1). However, for 
radiation from a multimode laser there will be large intensity 
fluctuations and the instantaneous intensity I and the time 
average intensity <I> differs. The intensity dependence in 

Ic )c 

eqn (1) is modified to I = ki <I> , the multiphoton ionization 
probability is increased ki -fold and the threshold intensities 
are reduced [21,30,31] by a factor ~ ^ ~ ^ compared; 

with thresholds obtained with a single-mode laser having the | 

I 

same average intensity <I>. 

I 

There have been several experimental studies carried out onj 
understanding of MPI process, important ones being [3,4,32-36]. I 

i, 

The experiments consist essentially of measuring the number of| 
ions produced as a function of laser intensity in conditions,' 
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where cascade ionization by inverse bremsstrahlung absorption 
can not occur. As stated earlier, this can be obtained if the 
experiment is performed at low gas density {or pressure) so that 
the electron and atom free paths are much larger than focal 
dimensions, and the collision frequencies are much less than the 
inverse pulse width. In addition it is made sure that low 
ionization potential hydrocarbons from the ionization chamber 
are removed. In order to achieve a sufficient intensity to 
cause MPI, the laser beam is usually focused using lens system. 
Agostini et al [3] reported such an experiment using laser 

13 2 

intensities of the order of 10 W/cm where they observed MPI 
of He, Ne, Ar, Kr, and Xe using a focused Q-switched Nd: Glass 
laser (X = 1.06 fJia) and its second harmonic at 0.63 tJra into a 
cell containing gas at a pressure of 10~® torr. They found that 
irrespective of the nature of the gas or wavelength of light, 
all the experimental curves for the variation of total number of 
ions created as a function of laser intensity in the focusing 
region show similar trends. For low values of light intensity 
the ionization increases very rapidly with increasing light 
intensity. The slope of the curve gives the experimental value 
of k^, the number of photons actually involved in ionizing the 
gas. When the light intensity increases beyond a certain value 
the ionization proceeds less rapidly and slope of all curves 
approaches a limiting value of two. They attribute this to 
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saturation process. Similar discontinuity had also been reported 
by Chin et al. [37,38] in their multiphoton ionization studies 
of Mercury, Cesium, Potassium, and Xenon. Okuda et al [39-41] 
have also reported experimental investigations on the pressure 
dependence of MPI process in Cesium, Rubidium and Sodium. The 
experimental results are in reasonable agreement with the 
theoretical predictions of multiphoton theory. Similar agreement 
have also been reported by Alcock et al [42] and Dewhurst 
et al [43] using ps pulses of neodymium glass laser in Ar and 
gases. All the experiments show a weak pressure dependence in 
agreement with the theoretical predictions. 

Cascade ionization In this process it is necessary that there 
should be at least one electron in the focal region (at the time 
of arrival of laser pulse), electrons gain energy from the laser 
field through inverse bremsstrahlung collisions with the 
neutrals. Once the energy of the electrons exceeds they can 
ionize the gas through a binary collision. At sufficiently high 
fields cascade ionization or electron avalanche follows 
resulting in the formation of a plasma. Once the plasma is 
formed the incident light is absorbed by electrons via free-free 
transition in the field of ions. This causes intense heating of 
the electron plasma and a consequent rapid hydrodynamic 
expansion of the plasma in the form of a shockwave [44] . The 
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final result is the appearance of a spark in the gas and a 
visible damage in the case of a condensed matter . 

Many breakdown measurements have been carried out using 
ruby ( X=0.6943 jum ) and Nd:Glass ( X=1.06 fJm ) laser. The 
breakdown criteria used in the experiments is the visible 
observation of spark, reduction in the laser energy transmitted 
through the gas in the focal volume or measurement of ion 
current. Buscher et al [45] were the first to study the 
breakdown threshold intensity of rare gases at wavelengths 1.06, 
0.69, 0.53 and 0.35 pm. They found that the threshold intensity 
for each rare gas studied first increases to a peak and then 
decreases with decreasing wavelength. Alcock et al [46] reported 
the breakdown of nitrogen, methane, air and rare gases using a 
ruby laser of pulse width 20 ns and its second harmonic, in 
agreement with Buscher et al [45]. Krasyuk et al [33,34] studied 
the breakdown threshold of nitrogen, helium and argon using ps 
pulses of ruby laser in the pressure range 2 ^ P ^ 10* torr. The 

3 

results show a weak dependence on the pressure for p i 5x10 torr 
in He and Ar and for p ^ 3x10* torr in N^, characteristic of 
multiphoton absorption. At higher pressure in He and Ar there is 
a pronounced p dependence, indicating the occurrence of 
collisional ionization by inverse bremsstrahlung absorption, 
however for the p dependence is less pronounced. Alcock et al 
[42], Dewhurst et al [43,47], and Ireland et al [48] have shown 
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a strong p dependence at very high pressures using ps pulses of 
Nd: Yag laser and its second harmonic. They suggested inverse 
bremsstrahlung absorption to be responsible for breakdown rather 
than multiphoton absorption at high pressure. Similar 

dependence has also been reported [48] using ns pulses of ruby 
laser. The influence of diffusion losses on the breakdown 
threshold has been investigated [60,51] by using lenses of 
different focal lengths. Dependence of breakdown threshold 
intensity on focal length of lens at different pressure of argon 
is reported by Mitsuk et al [50], The smaller the focal length, 
the smaller the dimension of the focal volume, the greater the 
rate of diffusion of electrons out of it, and hence higher the 
threshold intensity. The slope of the threshold field versus 
focal length (of the lens) curve decreases with increasing focal 
length. Recently [52] breakdown measurements have been reported 
in and Ar using XeF excimer laser with pulse length of 500 ns; 

and third harmonic of Nd*. glass laser with pulse length of 
0.4 ns. Weyl et al [52] and Weyl and Rosen [53] have developed a 
theory incorporating the multiphoton ionization rate derived 
from Krasyuk and Pashinin^s data [54] and obtained results in: 
agreement with the experiment. Using visible and UV radiation 
highly excited states can readily be photoionized over times; 
much shorter than the laser pulse [55]. Several 
authors [53,56,57] have derived the expression for the growth 
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rate and threshold intensity for breakdown of gases. Detailed 
calculations of the air brecdcdown threshold caused by laser 
irradiation have been carried out by Kroll and Watson [56]. 
Gamal et al [57] and Weyl et al [53] have done theoretical 
calculations of laser induced breakdown thresholds of atomic and 
molecular gases as a function of pressure of the gas, pulse 
width of laser using the equation of growth of electron, and 
including the effects of both MPI and cascade ionization. 

There have been reports on the observation of gas breakdown 
with low power lasers in the presence of preionization. The 
initiatory electron can be provided by static electric field or 
by metal surface. Smith [58] have shown that preionization 
densities 10^* cm~* lowers the threshold. Similar results are 
reported by Eobinson [59] for preionization densities as low as 
10 cm . There have been experimental observations [58,60,61] 
on breakdown of gases using simultaneously static electric field 
and laser field both. The partial excitation of the gas due to 
the electric field is followed by collisional ionization, 
photoionization of excited atoms ( depending on wavelength of 
laser, gas type, pressure and static field) by laser field. When 
a D C discharge is illuminated with low intensity laser field, 
the laser radiation breaks down the gas slightly further, 
leading to an increase discharge current [61]. Tulip et al [62] 
studied the effect of applying an electric field transverse 
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to the laser focus on laser induced breakdown of air. In their 
experiment, a chamber containing low pressure gas with 
arrangement for applying static electric field was kept within 
the cavity of a CO^ laser. They observed that depending on the 
field strength, it was possible to induce gas breakdown with low 
intensity laser field in the presence of a static electric 
field. Kopeika et al [61] studied the gas breakdown in the 
townsend region of discharge [63]. They used a Hamamatsu R702 
(argon) gas filled phototube, containing semi cylindrical S-5 
photo cathode with wire anode along the cylindrical axis as 
discharge tube and static field was applied to it to operate in 
townsend region of discharge, chopped radiation from tungsten 
lamp along with a monochromator was used as a monochromatic 
light source. They observed that breakdown characteristics are 
similar to that observed using high power laser alone. In 
their further work [64] they used 300 ps Nitrogen laser (337 nm> 
radiation focused perpendicular to the electrode plane in the 
gas between the electrodes and showed that effects of bias and 
incident laser field are complementary. We have reported [65] 
the breakdown of Ne, Ar and Xe gases at different pressures 
using a XeCl excimer laser in the presence of a static electric 
field applied transverse to the laser focus. 

Pirri et al [66] were the first to report the laser induced 
gas breakdown near target surface. Bondarenko et al [67] have 
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observed the decrease in threshold energy required to breakdown 
the gas using CO^ laser radiation, not enough to provide 
avalanche ionization. They attributed the ionization due to 
thermal explosion process of the gas near the surface of a 
target. Vedenov et al [68] have shown theoretically that 
breakdown of a gas is due to thermal ionization of metal vapor 
of low ionization potential. Dan'shchikov et al [69] showed 
using CO^ laser radiation that the decrease may be due to 
presence of precursor plasma. Barchukov et al [70] have proposed 
that an electron cascade can develops to ionize the gas 

surrounding the target due to metal vapor. The minimum 

intensity, I(W/cm^), required for the development of an electron 
cascade in the gas is given by [70] 

I > 6 X 10*" E. A* A (3). 

where is the first ionization energy (ev) of the gas, is 

the wavelength <AJm) of laser radiation and A the atomic 
(molecular) weight of the gas particle. They reported that an 
explosion wave (spherical shock wave) near the target surface 
develops in a small region of dense vapor if the time [70] 

t = ~ << T , the laser pulse duration, where s is the radiation 

spot on the surface of the target and u the speed of sound in 
the vapor. Short wavelength radiation from laser produced metal 
plasma has also been used [71-73] for investigation of breakdown 
of ambient gases. It is observed that the presence of metal 
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plasma reduces the threshold energy required for breakdown of 
the gas. The photoionization of He and Ng has been reported due 
to UV radiation from a laser produced plasma [72]. The plasma 
was produced by focusing 1.7 ns, 4-J CXJgl^ser radiation on to a 
copper target. We have observed [74] the laser induced breakdown 
of argon gas near metal surface using a XeCl excimer laser with 
intensity less than the threshold intensity defined by eqn (3) 
in the presence of TSEF. 

Laser Induced metal plasma 

The physical mechanism governing optical breakdown in 
solids is essentially the same as in the gas [76]. The 
conduction electrons here play the role of free electrons, and 
excitation of valence electrons to the conduction band is 
equivalent [76] to ionization of atoms in a gas. When laser 
light impinges on a solid target the phenomenon observed depends 
mainly on the incident energy density, duration, wavelength of 
the laser light and on the physical properties of the target 
material. The light is either reflected, absorbed or 
transmitted. For lo^^ irradiation 10** W/cm*), the absorbed 
radiation appears as heat which is slowly distributed throughout 
the material by thermal diffusion. For a conducting material, 
the incident energy is absorbed within a skin depth. At slightly 
higher irradiation (> 10** W/cm*), depending on the thermal 
conductivity, thermal diffusivity, reflectivity of the target 
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material and characteristics (or parameters) of laser pulse, 
intense local heating of the surface will occur resulting in a 
rise in surface temperature of the material. If the surface 
temperature is high enough, thermionic emission [63 from the 
target surface is expected. The photoelectric emission from the 
target surface using Nd: glass laser (GW/cm*, ps) has also been 
reported [77]. As the irradiation increases, the temperature of 
the surface increases and a molten pool of depth (Dr ) is 

formed, where D is the thermal diffusivity and t is the 

I-i 

duration of the laser pulse. A further increase in the 

irradiation will cause the surface temperature of the molten 

pool to reach boiling point resulting in evaporation. This will 

happen when the energy deposited is approximately equal to the 

latent heat of sublimation [6] L (erg/gm) = P* D , 

s *-• 

where p is the density of the solid target and I is intensity of 
laser radiation. Once the vapor is formed the laser light will 
cause further heating by multiphoton ionization and inverse 
bremsstrahlung resulting in a high temperature plasma. At 
irradiation of 10® W/cm* it is possible to produce the 
plasma [78] directly at the focus on to the target due to direct 
vaporization from the solid without going through the 
intermediate steps [18]. At sufficiently high irradiation 
temperature of few hundreds of eV can be produced. We have 
reported [79] the studies on both spatial and temporal behavior 
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of the emission spectrum of laser produced plasma (LPP) formed 
at the copper target in presence of background gas and in vacuum 
using XeCl (308 nm) excimer laser. 

Present xaork. 

In the present work we report the studies on Excimer laser 
induced breakdown of rare gases, in the presence of static 
electric field and near metal surface. Some studies on laser 
produced metal plasma are also reported. Effect of metal plasma 
on laser induced breakdown of argon gas in various configuration 
of biased target is used to explore the possibility of a plasma 
switch. 

The details of the experimental techniques used in the 
present work are described in chapter 2. 

Chapter 3 describes the results of present work on the 

excimer laser induced breadcdown studies of Ne, Ar and Xe gases, 

in the pressure range of 0. 2 - 24. 0 torr, in the presence of 

static electric field transverse to the laser focus. An attempt 

is made to find out the variation of k_, the number of photons 

o 

actually involved to ionize the gas in the experiment, with 
static electric field. 

Chapter 4 describes the studies on laser induced breakdown 
of Argon gas near metal surface. Dependence of threshold laser 
energy on the argon gas pressure with and without metal surface. 
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at constant static electric field, is reported. Laser induced 
thermionic current density and two photon photo-current density 
from target surface is estimated. The effect of electron 
emission on threshold laser energy required to breakdown argon 
gas is investigated. An attempt is made to study the temporal 
profile of photoelectric current pulse. 

Studies on spatial and temporal behavior of the emission 
spectrum of excimer laser produced copper plasma in vacuum and 
in the presence of background gas are presented in chapter 5. 
The effect of background gas on the spontaneously emitted lines 
is reported. The possibility of getting copper vapor lasing 
transition 4p - 4s* at 510.5 nm as a result of 
recombination in the presence of neon gas is investigated. The 
plasma temperature and the velocity of propagation of the plasma 
emission front are estimated. 

Studies on the effect of metal plasma formed at the surface 
of a biased target on laser induced breakdown of argon gas are 
presented in chapter 6. Parameters to control the switching of 
argon gas discharge are investigated. 


Chapter 7 summarizes the results of the present work. 



CHAPTER 2 


Experimental Techniques 

Various experimental techniques used for observing laser 

induced gas breakdown have been described in Chapter 1. Laser 

induced breakdown is usually confirmed by visually 

observing the bright flash at the focus of laser beam or by 

using charge collector plates. We report the studies on 

investigation of laser induced gas breakdown in presence of 

static electric field and near metal surface by measuring the 

ionization current. Some studies on laser induced metal plasma 

in vacuum and in the presence of surrounding gas are also 

reported. Discharge cell as shown in Figure 1 and Figure 2 was 

designed to study gas breakdown. Figure 2 has an additional 

metal surface. Transverse Static Electric Field (TSEF) was 

applied across the plates as shown in Figure 1. Electrodes used 

2 

are brass plates of dimension 20x25 mm , tapered from both the 
ends to 2 mm width. Tapered ends were taken out from the cell 
through the holes drilled in the glass cell to apply static 
electric field. The electrodes were thoroughly cleaned and 
inserted in a cleaned pyrex glass cell of length 78 mm, outer 
diameter 33 mm and wall thickness 2.5 mm. The separation between 
two electrodes was adjusted to 6.5 mm and holes were sealed with 
epoxy. The windows were also pasted with epoxy. To study the 
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PS Power Supply 
r Resistance (9A0K ohm) 
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BP Brass Plates 
CRO Cathode Ray Oscilloscope 


Figure 1 Schematic of Experimental set up 







Figure 2 


Schenal^ic of the Cell. 
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effect, of metal surface on threshold intensity of gas breakdown, 
an additional metal target was introduced as shown in Figure 2. 
The distance between the metal surface and the center of the 
electrodes was kept at 25 mm. Discharge cell was connected to 
the vacuum system and gas filling arrangement through stop 
cocks. The vacuum system consisted of an oil diffusion pump and 
rotary pump. Gas filling arrangement consisted of bulbs of neon, 
xenon (with 1% krypton) gases and an empty glass bulb used as a 
reservoir for argon gas. Glass bulb was evacuated to a pressure 
of <10~* torr and then filled in at 9 psi of argon gas from 
cylinder connected to the system. Discharge cell was evacuated 
to a pressure less than 10 * torr and filled in with the gases 
under investigation at the desired pressure. Pressure of the gas 
in the discharge cell was monitored with an oil manometer. 
An EG & G power supply (3.0 KV, 10mA) was used to provide static 
electric field. Ionization current was measured in terms of 
voltage drop across a resistance (r) connected in series with 
one of the electrodes and displayed on the storeige oscilloscope 
(100 MHz, TS 8123, Iwatsu, Japan). Ionization current of the 
order of 10~* Amp was considered to be the breakdown 
current [63]. 

We have used Lumonics model TE 861 M-2 excimer laser [80]. 
The laser was operated as XeCl laser (308 nm) delivering upto 
60 mJ in 25 ns pulse at 10 pps. The appropriate proportions of 
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Xenon (39 torr) and HCl (16 torr) gases with helium (balanced 
to 50 psi) as buffer gas were filled and mixed in the discharge 
channel. The stable resonator cavity is formed by an aluminium 
coated reflector (rear optic) and a quartz output coupler (front 
window), mounted at the ends of the discharge channel. With one 
filling of gases, laser used to operate at nearly consteocit 
energy for 7-8 hours after which it starts falling. The main 
factor involved in loss of energy during a run in these kind of 
lasers is the gradual disappearance of HCl as the laser 
operates. This was partially compensated by the judicious 
addition of a small amount of HCl. For all the studies, laser 
was operated at 10 pulses per second(pps). The laser pulse was 
recorded using a photo multiplier tube (PMT) (1P28 Hamamatsu, 
Japan) with 50 Ci termination through a monochromator. 
Oscilloscope trace of the laser pulse (FWHM ^ 25 ns) is shown in 
Figure 3. The energy of the laser was measured with a Gen Tec 
joule meter (ED 200), by placing the joule meter in the path of 
the main beam. 

Preliminary studies of metal plasma [78] were performed in 
a metallic chamber containing the target evacuated to a 
pressure less than 10~* torr. In order to avoid crater formation 
the target was rotated at approximately 1 rotation per minute 
with an external motor. The studies on metal plasma in presence 
of background gas were performed in the discharge cell 
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containing the target, similar to as shown in Figure 2. In this 
case, the target was exposed to laser radiation only for fl small 
interval of time so as to avoid the effect of crater formation 
on the extent of metal plasma. The schematic of the experimental 
set up used for both the cases is shown in Figure 4. The laser 
radiation was focused on to the target to a focus spot 
of " 250 pm and a bright metal vapor plasma was formed. This 
plasma was focused on to the entrance slit of the monochromator 
(HES 2 Jobin Yvon, France) with a lens. The output from the 
monochromator was detected with a PMT and displayed on the 
oscilloscope or recorded on the strip chart recorder. 

A Microprocessor Controlled Scan System (MCSS) was 
developed [81] and used with the monochromator to scan the 
spectrum of radiation emitted from metal plasma. Block diagram 
of the microprocessor controlled scan system (MCSS) developed 
is shown in Figure 5. The Monochromator (HRS 2 Jobin Yvon, 
France) consists of a grating (1200 grooves/mm) which is to 
be rotated with predetermined speeds to scan the spectrum. 
We use a four phase stepping motor [82] (provided with 
the monochromator), with 200 steps, each step corresponds 
to 0. 02 A on the monochromator display. Stepping motor 
used has the characteristics that step angle is small 
[step angle= — r — ]; motor rotates through a predetermined 
step angle in response to a pulse signal and come to rest 
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Figure 5 Block diagram of 1;he MCSS 






26 


at precise position. It has high torque to inertia ratio so that 
it has a quick start/quick stop response to input/last pulse. 
The rotation of the motor can be controlled in units of the 
step angle by the switching process. If the switching is done 
in sequence the motor rotates with a stepped motion. The average 
speed of the motor can also be controlled by the switching 
processes. A microprocessor system based on 8086A processor chip 
was used to control the average speed of the motor. Software 
was developed to select scanning speeds, upper and lower 
boundaries of the scan, and forward/reverse scan. A subroutine 
can be added for digitizing the analog output from a PMT using 
interfacing electronics. The power supply used for the MCSS and 
motor should be free from any kind of ripples. A regulated power 
supply (5V, 3A), for the microprocessor system and motor was 
assembled using UA 323 chip; any unwanted pulse can destroy the 
program of the microprocessor system. 

The stepping motor moves when pulse trains are applied to 
it in a proper sequence. The motor under consideration receives 
pulses programmed [83,84] through the microprocessor such that 
only two phases of the motor are energized at a time. The 
change of excitation from one pair of excitation coil to other 
rotates the motor by one step. A flow chart of the program 
developed is given in Figure 6.' By defining the upper and lower 
positions of scan it was possible to scan the spectrum in 
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Figure 6a Flow chart of the Main program. 
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forward (or reverse) direction at speed ranging from 0.02 A/min 
to 300 A/min with the stepping motor used in our set up. The 
main program to move stepping motor is given in Figure 6a. 
Subroutines being used are abbreviated as : 

STFWD - Step Forward, PERM - Period: Main, STREV - Step 
Reverse, CN - Current Number, SPDM - Speed: Main, UL - Upper 
Limit, LL - Lower Limit, FWD - Forward, REV - Reverse, FN -Final 
Number. Various subroutines are identified by alphabet in circle 
and command location on microprocessor system on the left, for 
example C: FWD(G) reads command location C, subroutine Forward 
being identified by G. 

The microprocessor system used to control the motor is a 
low cost Inlet 8085 A based eight bit microprocessor system 
(Microfriend- 1) manufactured by M/s Dynalog Micro-system, Bombay 
(India). Figure 7 is a functional block diagram of the 
microprocessor system (Microfriend- I) showing the common 
communication path between various components through the data 
bus. The Central Processing Unit (CPU) is used along with 
Programmable Peripheral Interface (PPI) Chip 8255A. The PPI chip 
8255A is used for outputting the pulse sequence to move the 
stepper motor. The 8255A has three 8 bit ports, namely A, B and 
C. Built in subroutines of the monitor [83] are used to accept 
the input data from the monitor keyboard and to display output 
data and other information on the kit LED Display. Sequential 




DATA BUS 



LED DISPLAY 


Figure 7 Functional block diagram of the 
microprocessor system {Microfriend- I) 












pulses coining out from port B of PPI are used for driving 
stepping motor. Since microprocessor peripheral can support a 
current of the order of a few mA, whereas the current rating of 
the motor to be driven is usually high (~ 1 Amp), an external 
driver circuit as shown in Figure 8, was developed. 
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Figure 8 Driviiig Circuit for Stepping Motor, 


CHAPTER 3 


Laser Induced Gas Breakdown in the Presence of 
Static Electric Field 

1 rxtTodtuc t i on 

Gas breakdown can be observed in t-he presence of (a> static 
field only, (b) high intensity laser beam only and (c) laser beam 
and static field. Case (a) has been extensively studied [63]. 
Many researchers [3,5,36,85,86] have studied the case <b) and 
studies are still going on. In case (c), partial excitation of 
the gas by an applied static field permits the observation of 
breakdown by low intensity light which could otherwise not be 
observed at such low intensities [58,60,61]. Recently there have 
been reports on the gas breakdown with low intensity laser beam 
in the presence of a static electric field, not sufficient 
for continuous self sustained discharge [64,87,88]. Kopeika 
et al [61] used Hamamatsu R702 (argon) gas-filled phototube as a 
discharge tube and static field was applied to the discharge 
tube to operate in Townsend discharge region. Tungsten lamp 
with a monochromator was used as a light source of low 
intensity. Low intensity lasers have also been used [64,87] as a 
light source for the studies of case (c). It was observed [61] 
that the breakdown effects using low intensity light in presence 
of static field are similar to that observed in case (b). Tulip 
et al [62] observed that threshold for laser-induced gas 
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breakdown is influenced by static electric field. However, there 
has been no report showing variation of k^, the number of 
photons involved to breakdown the gas, with static field. A 
detailed study was undertaken to understand the behavior of 
laser induced gas breakdown in presence of static field. 
Variation of k^ for Ne, Ar and Xe gases with static electric 
field in a simple discharge cell using an excimer laser are 
reported for the first time [65]. 

Exp&rim&ntal set up 

Experimental set up used is described in Chapter 2. A 
schematic layout is shown in Figure 1. An excimer laser (308 nm) 
delivering upto 60 mJ in 25 ns, at 10 pps, was focused with a 
quartz lens (f=12 cm) in the center of a discharge cell. The two 
electrodes are separated by a distance of 6,5 mm. The cell was 
evacuated to a pressure of ^ 10 * torr and then filled in with 
the gas to be investigated at the desired pressure in the range 
of 0.2 - 24.0 torr. An EG & 6 power supply was used to provide 
transverse static electric field (TSEF). To get clean laser beaon 
an aperture of 30x10 mm* was placed in the path of the main 
beam. Laser power was monitored by using reflection of the main 
laser beam from a quartz plate, with the help of a photodiode 
(S6D lOOA, EG & G USA). The photodiode signal was calibrated 
with an energy meter (ED 200, Gen Tec Inc, Canada). Laser energy 
was varied either by reducing the firing voltage of the laser 
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(always above bhreshold voltage) or by inserting glass plates in 
the path of the main laser beam. TSEF was adjusted such that 
there is no ionisation signal with either static field only or 
laser radiation alone. Ionisation current of the order of 
10 Amp measured in terms of voltage across a resistance 
r (940 KP) connected in series with one of the electrodes was 
considered as breakdown current [63] and the signal was 
displayed on the storage oscilloscope (TS 8123 Iwatsu, Japan). 
Every point on the figures to follow is an average of five 
points. 

R&sxilts and Discxissions 

Figure 9 shows the dependence of transverse static electric 
field threshold to get breakdown signal with and without laser 
radiation, as a function of pressure of various gases under 
investigation at constant laser energy. Behavior is similar to 
that of Paschen’s curve [89]. Figure 10 shows the dependence of 
laser energy threshold on gas pressure at constant TSEF 
(transverse voltage being 16 volts for neon and 65 volts for 
argon) to get breakdown signal. These curves also follow the 
trend of Paschen’s curve. At very low pressures (p) the 
collision frequency is low, (w a p), sufficient ionization 
can only be maintained by increasing the probability of 
ionisation at each collision (consequently the electron 
velocity) and thus electric field should be high. Hence 




Figure 9 Dependence of threshold transverse voltage on 
the gas pressure with and without Laser Field 
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Figure 10 Dependence of t-hreshold laser energy on 
■the gas pressure in -the presence of 
■transverse vol^tage 
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■threshold vol'bage increases as p decreases, for very low p a'b a 
fixed separation (d) between plates. On the other hand, at high 
pressures the collision frequency is high and the rate of energy 
loss is correspondingly high, while the energy gained per free 
path is low (mean free path a ~) unless the field is 
correspondingly high. Hence threshold voltage increases as p 
increases for a given d. Thus the Paschen's curves show a 
minimum threshold voltage to breakdown gas when pressure 
increases from a very low value of p. 

Figure 11 shows variation of ionization current with TSEF 
for Ne Ar and Xe at a pressure of 5 torr and 21 torr . This shows 
that laser induced ionization current increases with the 
increase in TSEF at constant laser energy. As the static field 
increases, the probability of excitation/ionisation increases. 
However, for large enough voltage static discharge occurs 
between the electrodes. Our results are in agreement with Tulip 
and Seguin [62]. 

Figure 12 shows the variation of ionization current with 
laser energy at constant TSEF (transverse voltage is 150 volts) 
for Ne and Ar at a pressure of 1 torr. The ionization current 
increases with the laser energy, here excited atoms due to 
static field are photoionized with laser field. The increase in 
laser energy (photon flux, number of photons/sec cm~*) increases 
the probability of photo ionization of excited atoms and hence 
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Figure 11 Variation of ionization current with 

transverse voltage at constant laser energy 





Figure 12 Variation of ionization current with 
laser energy at constant TSEF 
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"the ionization current increases. Results are in agreement with 
earlier report [64]. 

The ionization probability is described by the power law, 

3c 

W - A I , {eqn (1)} where k = < E. /E >, defines the number of 

»* ip 

photons required to ionize the gas, which may be different from 
k^, the number of photons actually involved to ionize the gas. 
Figure 13 shows the variation of Log (ionization current) with 
Log ( laser energy) for Me and Ar at the pressure of 1 torr in 
the presence of TSEF. Initially the ionization current increases 
very rapidly with increasing laser energy. The slope of the 
curve gives the experimental value of k^, mentioned on the curve 
for various values of static electric field. It is observed that 
k^ decreases with the increase of static electric field. The 
decrease in k^ with the increase in static field may be due to 
increase of probability of excitation/ionization leading to 
higher excited states. When the laser energy increases beyond a 
certain value the ionization current proceeds less rapidly and 
shows a turning point. Beyond the turning point the slope of the 
curves lies between 1 and 2, in agreement with earlier report [3] 
on gas breakdown using high power lasers. The turning point 
which was observed for both the gases investigated, according to 
Agostini et al [3], may correspond to total ionization of all 
the atoms present in the interaction volume. The increase in the 
ionization current observed after this saturation point 
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Figure 13 A plot of Log (ionization current) Vs 
Log (laser energy) in arbitrary unibs. 
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corresponds to ionization of atoms in the immediate neighborhood 
of the interaction volume. The slope depends only on the optical 
characteristics of the focusing system [3]. Thus our 
results [65] are similar to that observed with high power 
lasers [3], In our case ionization is a two step process, 
initially excitation through collision of atoms with electrons 
due to TSEF followed by photoionization due to laser field. In 
the case of high power lasers ionization is due to simultaneous 
absorption of large number of photons. On comparing the value of 
for Ne and Ar gas in Figure 13, we find that is more for 
Ne than that for Ar gas under similar conditions of pressure and 
static field. It is expected since the ionization energy of neon 
is more than that of argon. 

In conclusion laser induced breakdown of Ne, Ar and Xe 
gases at various pressures with low power excimer laser in the 
presence of a transverse static electric field is reported. 
Results are similar to that observed using high power laser 
alone. Ionization of gases is proposed to be a two step process, 
initial excitation being through collision of atoms with 
electrons due to static electric field followed by 
photoionization in presence of laser. We find that k^ decreases 
with the increase of static electric field. 



CHAPTER 4- 


Laser Induced Breakdown of Argon gas near metal surface 

Introdxic tioTi: 

First observation of low threshold optical breakdown of 
gases at the surface of a target was reported [66] in 1972 using 
CO^ lasers. Breakdown of air at the surface of a metal using low 
power laser was reported [67] and explained on the basis of 
thermal processes which accompany optical breakdown. It was 
observed that the presence of a precursor plasma [693 decreases 
the threshold intensity for breakdown of atomic and molecular 
gases. Short wavelength radiation [71-73] emitted from the metal 
plasma was also found to reduce the threshold intensity for 
breakdown of gases. In these reports laser was focused on to 
the metal surface and decrease of threshold laser energy was 
observed by monitoring breakdown signal using the 
photomultiplier tube, l^e decrease in threshold laser energy was 
attributed either to thermal process [67] or presence of metal 
plasma itself [71-73]. However, there has been no report, to the 
best of our knowledge, on the effect of the threshold laser 
energy required to breakdown the gas by photoelectric emission 
from the target surface using short wavelength lasers. Current 
densities of 500 Amp/cm* has been observed [77] as a result of 
five photon surface photoelectric effect in gold using 10 ps 
Nd: Glass laser (~ GW/cm*>. We undertook a detailed study to find 
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out the Mechaxiisut of laser induced breakdown of argon gas near 
metal surface in the presence of static electric field. We 
report [74] that the photoelectric emission from the copper 
target reduces the threshold laser energy required to breakdown 
argon gas . 

Exper i m&n tal Se t up 

Details of the experimental set up are given in Chapter 2. 
Experimental arrangement is similar to that used in Chapter 3, 
except that now discharge cell contains a copper target at a 
distance of 25 mm from the center of the electrodes as shown in 
Figure 2. The plates separation being 6.5 mm. The cell was 
evacuated to ^ 10”* torr and then filled in with argon gas at 
desired pressure in the range of 0.5 torr - 22 torr. To start 
with, laser is focused on to the copper target, a bright green 
plasma [78,79] is observed, this position of best focusing of 
lens is referred to as x = 0. The irradiation on to the target 
and hence the extent, size of the plasma is reduced by moving 
the lens away from the copper target on the same optic axis 
(X increases in -ve direction i.e. away from the target). We 
define a defocussing parameter, x, as the position of the lens 
along the laser axis for the present studies. Transverse Static 
Electric Field (TSEF) applied across the electrodes was adjusted 
such that there was no ionization current signal with either 
static field or laser radiation alone. 
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R&sxLlts and. Discussions 

We studied the variation of ionization current with 
defocussing parameter viz various values of x. At x = 2 mm and 
laser energy 6.4 mJ, we observe a double peaked voltage pulse as 
shown in Figure 14a. The first peak is identified due to the 
breakdown of argon gas and the second peak as the signal due to 
copper ions which is delayed with respect to first due to time 
of flight of copper ions. As x increases, the size of the 
plasma and the amplitude of the second peak decreases. At 
X = 8 mm, copper plasma is not visible and second peak vanishes 
completely as shown in Figure 14b. Our investigations in the 
following correspond to the ionization current at x k 8 mm. 

Figure 15 shows the dependence of laser energy threshold, 
normalized to the maximum laser energy, on argon gas pressure 
with and without the copper target at constant transverse 
static voltage of 40 volts at x = 8 mm, to get breakdown 
signal [65]. Observed behavior is similar to that of Paschen's 
curve [89]. It is observed that the threshold laser energy 
required to breakdown argon gas at any specific pressure 
decreases in the presence of a metallic target. Figure 16 shows 
the variation of ionization current of argon gas with 
defocussing parameter, x, for different values of laser energy 
in the presence of copper target at argon gas pressure of 
1.2 torr and transverse static voltage of 150 volts. The 
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Figure 15 Dependence of "threshold laser energy on 
the argon gas pressure with and without 
copper target at constant TSEF^ 
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Figure 16 
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ionization current decreases with increase in x, because the 
irradiation on copper target and hence the probability of 
electron emission decreases with increase in x. To find the 
initial source of electrons helping in ionizing the argon gas, 
we estimate the electron current density due to two fundamental 
processes viz thermionic emission and multiphoton photoelectric 
emission from copper surface. 


First let us look at the thermionic effect. The current 
density j, , of electrons emitted from a metal surface because of 
thermionic emission at surface temperature T_ is given by the 

s 

Richardson’s equation [90], 


•i,h = exp(-VKT,) (4). 

4 n m k' e 2,1 

where A , is a constant given by '■ i- — = 120 Amp/cm deg. 

Ih 3 


is work function of the metal and K is Boltzmann’s constant. 
<p 

Consider the laser induced transient temperature T(z,t) 
where z defines the surface depth. This obeys heat diffusion 
equation [91] > 

d T 9^ ’I 

= D 2- 

d t ^ z 
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with initial and. boundary conditions. 


T (r,z,0) = T, 


at t=0. 


- (1-R) I (r, 2 ,t) 


at the surface, z=0 


where T(r, 2 ,t) is the laser irradiated target temperature with 
hot spot centered at r = 0; R, the surface reflectivity; D, the 
thermal diffusivity; K , the thermal conductivity and I, the 
incident laser intensity l(r,0,t) = exp[-(r/d>*3g(t) in terms 

of spatial gaussian dependence and temporal dependence g(t). 
Following Lin and George [91], surface temperature T_(r,0, t) 

s 

generated by a triangular pulse (gaussian or an asymmetric long 
tail pulse) is given by 


T^(r,0,t) = + B(r} TJt) 


0 < t < a 


<6a) 


= + B(r) E T.(t) a< t < a+b (6b) 

i=l 


To + S(r) E TJt) 

i -1 


a+b i t 


(6c) 


exp [ -( T/dy} 


where 


B(r) = (l-R) 


in m 


and E T. (t) are as defined in ref. [91]. Define the time for the 
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peak of laser int-ensity and the maximum surface temperature as 
t^ = a and t^ = aL/(L^-l), respectively. The delay At = 
in reaching the maiximum surface temperature w.r.t. peak of laser 
intensity is given by a/(L'*-l) with L = {a+b)/b where a and b 
marked in Figure 17 are the parameters of the laser pulse used 
in our experiment. The laser pulse shown in Figure 17 was 
recorded using photomultiplier tube (IP 28, Hamamatsu, Japan) 
with 50 O termination. Figure 18 shows the estimated rise in 
surface temperature T„(0, 0,t) at x = 12 mm for our experimental 
conditions. The corresponding estimated thermionic current 

-S4 2 

density is 3.70 x 10 Amp/cm . Maximum surface temperature 
occurs at 35.5 ns. Maximum surface temperature and corresponding 
thermionic electron current density for different values of x 
for copper target are listed in Table 1. We have used 4.48 ev 
for work-function; 34.3 % for reflectivity; 4.01 W cm ^ *^C * for 
thermal conductivity ; 1.19 cm* sec“^ for thermal diffusivity 
and initial temperature of 300 *^K. 

Now let us consider the contribution due to photoelectric 
effect [90]. Since in our case laser photon energy is 4.04 eV 
and work function of copper is 4.48 eV, two photon photoelectric 
effect is expected. Figure 19 shows the temporal behavior of 
the photocurrent pulse. The pulse was recorded using 50 ^ 

resistance. On comparing the laser pulse (Figure 17) and the 
photocurrent pulse (Figure 19) we observe no appreciable delay 
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Figure 17 Oscilloscope "brace of laser pulse 
showing parameters a and b as 
discussed in the text 
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Figure 18 Bise in 


surface -benipera-bure vith tiiDe 
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Table 1. 

Estimated Thermionic current density and photocurrent density for 
various values of x, the defocussing parameter. 


X 


8 mm 


X 


Estimated 

Intensity 

at the 4.74X10" 

Surface 

W/cm^ 


= 12 mm 


X = 


17 mm 


X 


2.84X10" 2.00X10" 


= 22 mm 


1.42x10" 


Surface 

Temperature 

420.05 

371.93 

350.65 

335.97 

Thermionic 

current 

density, 

4. 19X10“*’ 

3.70X10“®* 

6.86X10“®® 

9.73X10“"* 

Amp/cm^ 





Photocurrent 
density, i 

Amp/cm* 

1.00X10“® 

3.56X10“* 

1.77X10“* 

9.00X10“® 








Figure 19 Oscilloscc^e trace of pbotoelectric pulse. 
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in the peak of two pulses ( except the built in delay of the 
recording system viz photomultiplier tube etc ), and the photo- 
electric current pulse is narrow. However, in the case of 
thermionic emission there should be a delay between the maximum 
of induced electron pulse and the peak of the laser pulse, and 
the electron pulse should be broad [6]. Similar results follow 

from Figure 18. Assuming the laser pulse to be Gaussian, 
2 2 

I = I^exp [-t /t ], from the intensity dependence of photo- 
electric current i c* it follows that the electron pulse 
is also Gaussian [92] i = t exp{-t*A*) with t = t /{n)*'^*. 

O E E JLi 

Using this relation between widths of photocurrent pulse and 
of laser pulse t , the exponent n is evaluated, ( for the 
present experimental values 19.00 ns and 26.4 ns ) as 
n ^ 2. To estimate the two photon photoelectric current density, 
we follow Bloch [93] and Teich et al [94] to calculate the total 
number of excited electrons, N per second. 


N = n 

n r* m C* I* 

O 1 

4 n 

r 1 V r 

2hv 

-.3/2 

J (7). 

2(h vf V 

-1 .3 

1 2hvJ ""1 



where 


and 

kp = [2 m Ey 

/ 



For copper, we have 


7.04 eV, E^ 

- 4.48 

eV, 

the above 

equation 

gives N 

= 6.47 X lO’' O 

per sec. 

therefore 


i = 6 47 X 10^ I*e Amp. where volume ^ of the emitting surface i 

i i 

s 
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is t/he ar©a 'bitnes the depth from which photoelectrons can escape 
from the metal (we take this depth as 10 A ) [93] and is the 
intensity in W/mt . Values of two photon photoelectric current 
density for various values of x are evaluated and listed in 
Table 1. At x = 12 mm it is 3.56 x 10 * Amp/cm*. On comparing 
the values of thermionic current density and photocurrent 
density for various values of x, we conclude that in our case 
electron emission due to two photon-photo electric effect 
dominates over the thermionic effect. The decrease in ionisation 
current of argon gas { Figure 16 ) may be attributed to the 
decrease in two photon-photo electric current density with 
increase in x. 

In conclusion investigations of the laser induced breakdown 
of argon gas near metal surface using a low power excimer laser 
in the presence of a transverse static electric field are 
reported. It is observed that threshold laser energy required to 
breakdown argon gas is reduced in presence of metal surface. 
Photoelectric emission from metal surface dominates over the 
thermionic emission and reduces the threshold laser energy for 
breakdown. Ionization current due to breakdown of argon is 
observed to be dependent on laser induced photoemission from 


target surface. 



CHAPTER 5 


Laser Produced Copper Plasma 

Jntroduc tion 

There are several reports on the possibility of observing a 
high density, high temperature plasma by focusing laser beam 
on to a solid target [7] or in a gas [5]. Laser produced metal 
vapor plasma in the presence of a background gas has been used 
as an active medium for getting laser oscillations [133- 
Simultaneously, there have been reports on 

photoionization/photoexcitation [72,73] of gases by laser 
produced metal plasma where short wavelength radiation emitted 
from the metal plasma ionizes/excites the background gas. 
Recently, there have been reports [95] on studies of plasma 
produced by UV excimer radiation of moderate intensities. 
Moderate or low power excimer laser produced plasmas are used 
for laser material processing [96], and laser microspectral 
analysis. In the laser microspectral analysis [18,19] a laser 
radiation is focused on to the target surface to produce plasma 
and the emitted radiation from the plasma is analyzed for trace 
elements. Using this method [18] one can easily determine 
concentration <0.001% . High power excimer laser produced 
plasmas are of special interest as a source of short wavelength 
radiation [16]. We have reported laser induced gas breakdown in 
the presence of TSEF [65] and near metal surface [74] using a 
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low power excimer laser. Here we report the studies C793 on 
laser produced copper plasma in the presence of background gas 
and in vacuum, using XeCl ( 308 nm ) excimer laser. 

Exp&rim&n.tal Set Up 

A schematic of the experimental setup used is shown in 
Figure 4. The radiation from an excimer laser, XeCl (308 nm) 
TE-861 M-2 Lumonics Inc. Canada) delivering 3.5 mJ in 25 ns, at 
10 pps, was focused on to a copper target enclosed in a glass 
cell using a quartz lens of focal length 12 cm. The cell was 
evacuated to a pressure of ^ 10 * torr and then filled in with 
different gases at desired pressures. Plasma radiation was 
focused on to the entrance slit of a monochromator (HRS-2 Jobin 
Yvon, France) so as to have one to one correspondence with the 
plasma and its image on to the slit of monochromator. The output 
from the monochromator was detected with a photomultiplier tube 
(PMT) (IP 28 Hamamatsu, Japan), and recorded on the strip chart 
recorder in conjunction with a microprocessor controlled scan 
system (MCSS). The temporal variation of the emitted spectral 
lines were recorded with 50 ohms termination at PMT output and 
displayed on the storage oscilloscope (TS 8123 Iwatsu, Japan). 

In the following we report the studies on spatial and 
temporal behavior of the emission spectrum of excimer laser 
produced copper plasma in vacuum and in the presence of argon 
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and neon gases. An attempt is made to estimate the temperature 
and velocity of propagation of plasma emission front. 

R&sul ts arid. Discxtssions 

On focusing the laser radiation on to a copper target, a 
bright green radiation, (with and without background gas) was 
observed [78] with intensities of laser as low as ^ 10*^ W/cm^. 
No radiation from the plasma of background gas was observed when 
laser radiation was focused on to the copper target and near 
the target in the gas. Following eqn (3), electron cascade will 
develope to breakdown argon gas with XeCl laser, only if 

lO 2 

I > 2.49 X 10 W/cm , which is much greater than the laser 
intensity used in the present experimenters 10* W/cm^. Moreover^ 
in our case laser power is also not high enough to provide 
highly ionized copper plasma and hence short wavelength 
radiation emitted from copper plasma is not available to 
photoionize the background gas either. Thus we had only copper 
plasma and no radiation from the background gas. 

Figure 20 shows a part of the visible spectrum in copper in 
vacuum at laser irradiation of 10* W/cm*. Emitted spectral lines 
were identified [973 and transitions assigned [98] based on 
existing literature. Figure 20 shows only those transitions 
which are considered for the present studies. 

An extensive study of spontaneously emitted Cu I transitions 

*^ 3/2 ^21.8 nm 



.00 


Wavclen 


Visible spect: 


63 


and 4d 4p at 515,3 nm was undertaken. We report 
the spatial variation of intensity of ejnitted lines with respect 
to Xp, distance from metal surface and the pressure of the 
background gas. The variation with was achieved by moving the 
lens in the direction of the expansion of the plasma. Every 
point in the figures to follow is an average of five 
observations. Figure 21 shows the variation of line intensity 
with Xp in vacuum and in the presence of argon gas at pressure 
of 8 torr . It is observed that the intensity of emitted spectral 
lines increases in the presence of background gas. It is also 
observed that in vacuum the line intensity peaks at the surface 
and decreases as x^ increases. However, in the presence of argon 
gas at a pressure of 8 torr the intensity is maximum at Xp=2 mm. 
The fast initial rise at x^ = 2 mm may be due to rapid 
cooling of the plasma. Thus the formation of Cu I may be due to 
recombination of Cu II ions in the afterglow. The recombination 
rate coefficient of ions of charge Z being given by [99] 

a = C{Z)T“‘*"^ . (8). 

with C(Z) = 9.2 X 10"^*" t In (Z^'+l)^'^* 

The rate is thus strongly dependent on electron temperature T . 
The rate of change of electron temperature in the afterglow is 
sum of three terms [100] viz. the elastic collision, electron 
heating due to collisional de-excitation of metastable ions and 
recombination of ions. The rate of loss of electron energy in 



lnl«nsily ( orb. units) 



Figure 21 Variation of intensity of Cu I transitions 
with distance from metal surface, x 




65 


early stage of afterglow is dominated by the elastic collision 
term given by 



where is the elastic scattering cross section between the 

electrons and the atoms, n^ is the density of background gas 
atoms and is the mass of the background gas atom. It , follows 
from eqn (9) that cooling is inversely proportional to Mg and 
hence lighter gases are efficient for' cooling. Next to hydrogen, 
helium being the lightest inert gas has the possibility of 
providing more rapid cooling in the afterglow [101]. However, in 
our studies for the transition 4p - 4s* a-b 510.5 nm, 

we have taken neon gas, next to lightest inert gas as the 
background gas for the reason of its ability to produce stable 
discharge in Cu-vapor lasers £102]. Figure 22 shows the 
intensity variation of spontaneously emitted Cu I lasing 
transition 4p at 510.5 nm with pressure of 

neon gas at x = 2 mm. It is observed that the intensity of the 

P 

line attains a maximum value at a pressure of about 4 torr and 
then decreases with further increase in pressure. The initial 
rise shows the rapid cooling of the plasma. The increase in ; 
pressure results in reducing the expansion rate and increasing,; 

the cooling rate. The enhancement of intensity suggests that at; 

[ 

this pressure maximum number of Cu II ions, produced initially, , 



Intensity (orb. units) 
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Figure 22 Variation of intensity of transition 
4p - 4s^ ^®5/2 510.5 nm ytxth 

pressure of neon gas. 
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recombine "to give Cu I transition. The decrease of intensity at 
high pressure is due to very high cooling rate. Figure 21 shows 
that intensity of Cu I transitions is more in presence of argon 
gas than that in vacuum. In vacuum, plasma expands freely, 
electron density decreases faster than the electron 
temperature. However, in the presence of background gas plasma 
is confined to a small region, resulting in reduced expansion 
rate, and hence enhanced cooling rate which enhances the 
intensity of emitting lines. 

The plasma temperature was estimated, by assuming that the 
plasma is in Local Thermodynamic Equilibrium (LTE)and by taking 
the ratio of intensity of two spectral lines [103] and using the 
relation 

E’ - E 

KT^ = (10). 

® in (I>'-g"A^ /I’X’gA^) 

where E and E' are the excitation energies of the levels, I's 
are the intensity; g, A and X are the respective statistical 

p 

weight, transition probability and wavelength of transition 

under consideration. The temperature is estimated to lie in the 

range 0.6ev:^T ^0.8ev for Cu I in the presence of argon gas 

© 

at a pressure of 8 torr. 

Figure 23 shows the temporal behavior of Cu I transition 
4d *D , - 4p *P , at 521.8 nm in the presence of argon gas at 

S / 2 3/2 



Amplitude (a.u.) 
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a pressure of 8 torr and in vacuum i~ 10~* ■borr ) at x =3 mm. 

p 

To estimate the velocity of plasma emission front as a function 
of distance x , the temporal pulses at different x were 

p p 

recorded and the delay in the peak intensity as shown in 
Figure 24 was measured. It follows from Figure 24 that the 
velocity of propagation of the plasma emission front at 3 mm 
away from the target surface is 4.8 x 10 cm/sec in argon gas 
at a pressure of 8 torr and 1.5 x 10^ cm/sec in vacuum. The 
reduced propagation of the plasma emission front in the presence 
of argon gas increases the duration of emission as shown in 
Figure 23a compared to that in vacuum. Figure 23b. 

In conclusion we have reported the studies of metal plasma 
formed in vacuum and in the background gas by focusing the XeCl 
laser radiation on to the metal surface. It is observed that 
spontaneously emitted Cu I lasing transition 4p Pg/g" ^ 0/2 

at 510.5 nm shows a strong dependence on the pressure of neon 
gas. We report the possibility of getting copper vapor lasing 
transition 4p /„-4s* at 510.5 nm due to recombination 

in the presence of neon gas. The velocity of propagation of 
plasma emission front is found to be less in the case of 
background gas than that for in vacuum. We observe that 
intensity of many spectral lines increases in the presence of 
background gas. The presence of surrounding gas can thus 
improves the accuracy of laser microspectral analysis. 



Time Delay (^s) 
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of the transition 4d © 5/2 ~ ^3/2 

521.8 nm with 

P 




CHAPTER 6 


Laser induced gas Breakdown : A Plasma Switch 

IntTochjLC t ion 

There have been reports on the gas breakdown using focused 
high intensity laser beam alone [5] and in the presence of 
static electric field [64,653. Breakdown of gases have been 
reported at the surface of metallic target [66], with [72] and 
without [67,74] metal plasma. The effect of metallic target on 
the laser induced breakdown of argon gas was discussed on the 
basis of photoelectron emission [74] from the target surface. We 
have discussed in earlier chapters the studies on laser induced 
breakdown of gases in the presence of TSEF and near metal 
surface. Some studies on laser produced metal plasma are also 
discussed. Here we report [104] for the first time; the effect 
of metal plasma formed at the surface of a biased target on the 
laser induced argon gas breakdown and explore the possibility of 
a plasma switch. We observed that the effect of metal plasma is 
identical to the function of grid between the anode and cathode 
in triode. 

Exp&rim&ntal Setup 

Experimental arrangement is similar to that of one 

described in chapter 2. It consists of a specially designed 

2 

glass cell having two parallel brass plates (20x25 mm ) 
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separated by 6.5 mm and a copper target, at a distance of 15 mm 
from the edge of the parallel plates as shown in Figure 2. The 
cell was evacuated to a pressure of <10~^ torr and then filled 
in with argon gas at a pressure of 8 torr. A bright green metal 
plasma is observed by focusing {f=12cm) an XeCl (308 nm) 
excimer laser delivering 3.5 mJ in 25 ns at 10 pps on to the 
copper target. As described in Chapter 4 the best focusing of 
the laser radiation on to the copper target is defined as x = 0. 
The irradiation on to the target and hence the extent, size 
of plasma is reduced by moving the lens away from the copper 
target on the same, optic axis. Copper target is biased 
positive or negative w.r.t. brass plate using an EG & G power 
supply. Breakdown of argon gas due to laser radiation was 
observed visually by the appearance of glow discharge 
modulating at 10 pps. The effect of metal plasma on laser 
induced breakdown of argon gas in various configuration of 
biased target and plate is described below. 


R&sults and Discxtssions 

Static glow discharge of argon gas was observed when a 
static voltage of 0.58 KV was applied between the target and 
plate. However, when laser radiation is focused or defocused 
depending on the polarity of the target as shown in Figures 25, 
pulsed glow discharge modulating at 10 pps was observed with 
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itBSmm 




p = Plate 
T = Target 
L = Lens 



= Argon dischar gc 
= Copper plasma 


Figure 25 Schematic sketches of visual observation 
of laser induced gas breakdown in various 


configurations of biased target with 


focussing geometry 
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static voltage of 0. 32 KV. For the sake of clarity only 
Plate (P) Target (T) and Lens (L) are shown in the Figure 25. 


Case 1. Static voltage is applied across plate (+ve) and target 
(ground) as shown in Figures 25a and 25h. We observe pulsed 
discharge in the region between plate and target only in the 
configuration of Figure 25a when laser is defocused by 8 mm. At 
this position copper plasma was not visible and only source of 
initiating breakdown is the photoelectron [74] emitted from the 
copper surface. The emitted electrons gain enough energy in the 
static field and ionize the argon gas by inelastic collisions. 
However, when laser radiation is focused on to the copper 
target a bright green plasma appears and argon discharge 
disappears as shown in Figure 25b. In this configuration the 
electrons will be attracted towards the +ve plate and a sheath 
is formed at a distance of debye length [105], 


( meter ) = 



( 11 ). 


ISr — 3 

Even if we assume minimum electron density, 

and temperature [78], T^^^: 0.8 ev, debye length is 210 pxti. Thus; 
positive potential is screened off beyond 210 /^m and argon 
discharge disappears. | 

Case 2: Static voltage is applied across target (+ve) and plat^ 
(ground) as shown in Figures 25c and 25d. Unlike Case 1, here w^ 
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observe argon discharge only in the presence of copper plasma 
as shown in Figure 25c. The effect of plasma is essentially to 
shift the position of positive potential by a distance equal to 
the size of plasma, == 7 mm. This results in decrease in the 
virtual distance between target and plate and hence increase 
in electric field resulting in breakdown of argon gas. 
However, if the laser radiation is defocused by 8 mm as shown 
in Figure 25d, the argon discharge disappears due to decrease 
in electric field. The possibility of photoelectrons is also 
ruled out as target is positive. 

Case 3; Static voltage is applied across plate (ground) and 
target (-ve) as shown in Figures 25e and 25f. Agron discharge 
appears only when laser is defocused by 8 mm as shown in 
Figure 25e. Situation is identical to Figure 25a, target being 
at lower potential than the plate, photoelectrons emitted from 
target surface are accelerated towards the plate, gain energy 
and ionize the argon gas by inelastic collision. However, with 
focused laser radiation as shown in Figure 25f, we have 
situation similar to Figure 25b where sheath formation prevents 
the argon discharge. 

Case 4: Static voltage is applied across target (ground) and 
plate (-ve) as shown in Figures 25g and 25h. The situation is 
opposite to Case 3 and similar to Case 2, target being at higher 
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potential, we observe argon discharge with focused laser 
radiation which disappears on defocussing the radiation. 

In conclusion, we observe that ionization of argon gas can 
be switched ON or OFF either keeping laser focusing conditions 
fixed and by changing the polarity (combinations shown in 
Figures 25a and 25h; 25b and 25g; 25c and 25f; 25d and 25e) OK 
keeping the polarity fixed and by changing the laser radiation 
from focused to defocused state (combinations shown in Figures 
25a and 25b; 25c and 25d; 25e and 25f; 25g and 25h). 



CHAPTER 7 


Conclusions 

We reported studies on the excimer laser induced breakdown 
of rare gases in the presence of (a) static electric field and 
(b) metal surface in a specially designed discharge cell. Some 
studies on laser produced plasma are also presented. Utilizing 
the effect of metal plasma on laser induced breakdown of argon 
gas in various configurations of biased target we propose the 
possibility of a plasma switch. 

Breakdown of neon, argon and xenon gases in the range of 
pressure 0.2 - 24.0 torr is studied by focusing a low power 
excimer laser in the presence of static electric field 
transverse to the laser focus. Our results are similar to that 
observed by other investigators using high power lasers alone. 
We propose ionisation to be a two step process, initial 
excitation being through collision of atoms with electrons due 
to static electric field followed by photoionisation in the 
presence of laser. We report for the first time that k^, the 
number of photons actually involved to ionize the gas in the 
experiment, decreases with the increase of static electric 
field. These studies are important for designing fast switching 
devices and joule meter to measure the energy of high power 


lasers. 
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Laser induced breakdown of argon gas near mebal surface is 
studied by using low power excimer laser in the presence of 
TSEF. We report for the first time that photoelectric emission 
from metal surface dominates over the thermionic emission and 
reduces the threshold laser energy required to breakdown argon 
gas. Ionization current is observed to be dependent on laser 
induced photoelectric emission from target surface. These 
studies are helpful for achieving electron pulses of short 
duration and to understand the mechanism of laser induced gas 
breakdown with low power lasers. 

Spatial and temporal behavior of the emission spectrum of 

excimer laser produced copper plasma in vacuum and in the 

presence of background gases are studied. It is observed that 

spontaneous emission from Cu I lasing transition 

4p 5 / 2 ®^^ 510.5 nm shows a strong dependence on i 

the pressure of neon gas. We report the possibility of getting I 

2 2 2 

copper vapor lasing transition 4p P 3/2 " ^ 5/2 510.5 nm ; 

1 

as a result of recombination in presence of neon gas. The plasma j 

i 

temperature was estimated by assuming the plasma to be in Local j 

i 

Thermodynamic Equilibrium (LTE) and by taJcing the ratio of ; 

i 

I 

intensity of two spectral lines. The temperature is estimated to! 

I 

lie in the range 0.6 ev T :£ 0.8 ev for Cu I in the presence ofj 
argon gas at a pressure of 8 torr. The velocity of propagation 
of the plasma emission front at 3 mm away from the target 
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surface is found "fco be less in "the presence of backfiround gas 
than 'that- for in vacuum. lb is also observed that intensity of 
many emitted spectral lines increases in the presence of 
background gas. The presence of surrounding gas can thus 
improves the accuracy of laser microspectral analysis. 

The effect of metal plasma formed on the surface of a 
biased target on laser induced breakdown of argon gas is 
studied in various configurations of biased target. It is 
observed that the effect of metal plasma in our studies is 
identical to the function of a grid between anode and cathode in 
a triode. We report for the first time that ionisation of argon 
gas can be switched ON or OFF either keeping laser focusing 
conditions fixed and by changing the polarity OR keeping the 
polarity fixed and by changing the laser irradiation. 

Fu t vore work. 

In order to gain more understanding on the mechanism of 
laser induced gas breakdown in the presence of static electric 
field, more work on the dependence of breakdown threshold on 
pressure, focal spot sise and laser parameters: pulse width and 
wavelength is required. To study the rate of ionization growth 
w.r.t. laser pulse, systematic temporal studies should be; 

I 

undertaken. In order to gain more understanding on the mechanism! 
of laser induced gas breakdown near metal surface, more studies' 

f 

1 

. f 

i 

i 

f 
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using targets of different work, function which can provide 
single, double or triple photon photo-electric effect have to be 
undertaken. Studies will help in achieving electron pulses of 
short duration. The similar experiment can also be performed by 
keeping the target fixed and changing the wavelength of laser 
radiation. 

A systematic study should be undertaken to measure the 
plasma parameters; electron density and temperature, for various 
input parameters eg laser power and pressure of background gas 
to optimise lasing conditions in copper vapor plasma. It may be 
possible to observe metal vapor lasers in high melting point 
metals with low power lasers where metal vapors produced by 
irradiating the metal targets are excited/ionised by pulsed 
discharge. 

To have commercially viable plasma switches, technological 
aspects have to be considered. 
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